In our previous studies we found that aging-associated ®brosis of clitoral cavernosal tissue correlated with the prevalence of cardiovascular disease in elderly women. The aim of this study was to determine speci®cally, arterial insuf®ciency-related structural changes of clitoral cavernosal tissue in a rabbit model. New Zealand white female rabbits were divided into clitoral cavernosal ischemia (CCI, n 5) and control (n 5) groups. The CCI group underwent balloon endothelial injury of the iliac arteries and received 0.5% cholesterol diet. The control group received a regular diet. After 16 weeks, arteriography was performed then the animals were sacri®ced. The iliac arteries and the entire clitoris were removed. Cross-sections of the iliac arteries and clitoris were processed for histologic eva1uation The percentage of smooth muscle and connective tissue in trichrome stained sections of clitoral cavernosal tissue was determined by computer-assisted histomorphometry. Arteriography revealed diffused occlusive disease in the common iliac, internal iliac and pudendal arteries in the CCI group. Histology showed that arterial occlusive disease spreads from the site of balloon injury to the smaller branches involving the clitoral cavernosal arteries. Diffuse ®brosis was observed in the clitoral cross-sections of the CCI group. The percentage of clitoral cavernosal smooth muscle (mean AE standard error) in the CCI group (53% AE 0.9%) was signi®cantly decreased compared with the control group (62% AE 0.8%) (P 0.0001). Chronic clitoral cavernosal ischemia causes signi®cant ®brosis and loss of smooth muscle in the clitoral cavernosal tissue. These ®ndings suggest that chronic clitoral cavernosal arterial insuf®ciency may play a role in the pathophysiology of female sexual arousal disorders.
Introduction
It has been reported that sexual arousal dissatisfaction may affect over 50% of women. 1, 2 Anxiety, lack of sexual pleasure, and dif®culty in achieving orgasm with impaired vaginal and clitoral engorgement are among the most commonly reported sexual problems. 3 The prevalence of female sexual arousal disorders increases with age and is associated with menopause, hysterectomy, pelvic irradiation, coronary artery disease and the presence of vascular risk factors such as diabetes and hypercholesterolemia. 4 ± 11 Histomorphometric studies of human clitoral cavernosal tissue have shown that aging women undergo ®brosis of clitoral cavernosal tissue. 12 Furthermore, it was shown that a signi®-cant relationship exists between age-associated clitoral cavernosal ®brosis and the prevalence of cardiovascular disease in the elderly women. 12 These studies would suggest that vascular risk factors may play a role in clitoral cavernosal structural changes and the development of sexual arousal disorders in aging women.
To investigate the role of chronic arterial insuf®-ciency in female sexual arousal disorders, an animal model has been developed utilizing the female New Zealand white rabbits. 13 This animal model enabled us to study the physiology of female sexual arousal as well as the effect of atherosclerotic occlusive disease of ilio-hypogastric arterial bed on vaginal and clitoral engorgement. 13 Our previous studies in this model have shown that the clitoris responds to pelvic nerve stimulation by tumescence and engorgement, with an increase of the clitoral blood¯ow two-fold from the¯accid state. 13 We have also shown that vaginal and clitoral engorgement as well as elongation of the vagina depend on increased vaginal wall and clitoral intracavernosal blood¯ow. Atherosclerotic occlusion of the ilio-hypogastric arterial bed at 16 weeks resulted in diminished vaginal and clitoral arterial blood in¯ow and reduced vaginal and clitoral tissue pressure responses following stimulation of the vaginal/clitoral branch of the pelvic nerve when compared with controls. 13 Although, the effect of chronic arterial insuf®-ciency on clitoral engorgement has been documented, isehemia-induced histologic changes of clitoral cavernosal tissue and their possible role in clitoral engorgement insuf®ciency has not been previously reported. The aim of our study was to investigate the effect of atherosclerosis-induced chronic arterial insuf®ciency on the structure of clitoral cavernosal tissue, particularly in regard to alteration of smooth muscle/connective tissue ratio.
Methods

Experimental model
The animal model of clitoral and vaginal arterial insuf®ciency was developed as previously described. 13 Brie¯y, New Zealand White female rabbits (3.5 ± 4 kg) were divided into control (n 5) and clitoral cavernosal ischemia (CCI) (n 5) groups. The control group received a regular diet while the CCI group underwent balloon endothelial injury of the common and external iliac arteries and were placed on 0.5 % cholesterol diet.
After 16 weeks, animals of the control and CCI groups were anesthetized with intravenous pentobarbital and underwent the following studies:
Arteriography
Under pentobarbital anesthesia, a Swan-Ganz catheter (4F) was passed through a carotid arteriotomy into the left ventricle. The Swan-Ganz balloon was in¯ated with air, the catheter was¯oated downstream and placed above the aortic bifurcation. Arteriography was performed following Conray 43 (10 ± 20 ml) injection through the catheter into the prospective ilio-hypogastric arteries. During each arteriography, care was taken to position the image intensi®er at the same height. A grid was positioned at the level of the spine to provide correction for magni®cation error. After this, the animals were sacri®ced with an overdose of intravenous pentobarbital. The iliac arteries and entire clitoris were removed. Cross-sections of the iliac arteries and clitoris were processed for regular histology and histomorphometric studies.
Histology of the iliac arteries and clitoral cavernosal tissue
The right and left common, internal and external iliac arteries were dissected. The clitoris was completely removed and was carefully marked and dissected as proximal, middle and distal. All tissues were coded, placed in 10% neutral buffered formalin and were allowed to ®x overnight at 4 C. The tissues were routinely embedded in paraf®n and 5 mm sections were prepared. Tissue sections were processed for hematoxylin and eosin or Masson's trichrome staining.
Histomorphometric analysis of clitoral cavernosal smooth muscle content
Smooth muscle percentage of clitoral cavernosal tissue was assessed by computer-assisted histomorphometric analysis using Optimas 4.0 BioScan image analysis software and an Olympus BH-2 microscope in a blind fashion on Masson's trichrome stained slides. Computer-assisted histomorphometric analysis is based on the area calculation of smooth muscle (red stained areas) and connective tissue (blue stained areas) in randomly selected high power ®elds. At least 25 different high power ®elds (Â400 magni®cation) were randomly selected and analyzed for each specimen. The percentage of smooth muscle was calculated for every high power ®eld as the sum of red stained areas divided by the sum of all red and blue stained areas which represented the ratio of smooth muscleatotal cavernosal tissue. During high power ®eld selection, care was taken not to include tunica albuginea, intracavernosal septum or cavernosal artery or vein in the examined area.
Statistical analysis
Data are expressed as mean AE standard error of the mean. Student's t-test was utilized for statistical analysis. Differences were considered statistically signi®cant at P`0.05.
Results
Angiographic and histologic ®ndings in the ilio-haypogastric arteries
In the control group (n 5), angiographic studies showed no signi®cant differences in the luminal diameters of the right and left common iliac and internal iliac arteries. Histologic examination of the right and left common and internal iliac arteries also showed normal luminal size, intima and media (Figure 1 ). In the CCI group (n 5), angiographic studies demonstrated atherosclerotic occlusive Ischemia-induced clitoral ®brosis K Park et al disease and showed moderate (three of ®ve cases) to severe (two of ®ve cases) atherosclerotic lesions in common iliac arteries and internal iliac arteries ( Figure 1 ). Histologic studies in the CCI group showed intimal thickening associated with in®ltra-tion of foam cells and narrowing of the arterial lumen.
Histologic ®ndings in the clitoris
Histological studies of the clitoral cavernosal tissue in the CCI group showed that atherosclerotic occlusive disease spreads from the iliac artery to the smaller branches involving the clitoral cavernosal artery (Figure 2 ). In the CCI group, the corpora clitoris showed remarkable ®brosis and thickened connective tissue bundles when compared with the control group (Figure 2 ). The stroma of the corpora appeared to be more edematous than control. Tunica albuginea was found to be thickened in the CCI group compared with the control group (Figure 3 ).
Histomorphometric image analysis of clitoral cavernosal tissue
Histomorphometry of clitoral cavernosal tissue showed a signi®cant loss of smooth muscle ®bers in the CCI group (Figure 4) . The percentage of clitoral cavernosal smooth muscle (mean AE standard error) in the CCI group (53% AE 09%) was signi®-cantly decreased compared to the control group (62% AE 0.8%) (>P 0.0001). 
Ischemia-induced clitoral ®brosis K Park et al
Discussion
The clitoris is the embryological homologue of the penis consisting of two corporal bodies surrounded by tunica albuginea. 14 Clitoral engorgement plays an essential role in the development of female sexual arousal. The role of clitoral corpora cavernosa appears to be to engorge and provide support for extrusion of glans clitoris during sexual intercourse. 15 Doppler ultrasonography studies have shown that human clitoral cavernosal artery blood ow increases 4 ± 11 times following vaginal pressure stimulation which is similar to the increase in the blood¯ow of the penile cavernosal artery during sexual stimulation. 16 Clitoral engorgement appears to be predominantly a hemodynamic phenomenon regulated by clitoral cavernosal smooth muscle relaxation. Recent studies have suggested that relaxation of clitoral cavernosal tissue may be primarily regulated by the nitric oxide (NO) pathway. 17, 18 In an immunohistochemical study, Burnett et al have localized the NO synthase (NOS) subtypes in human clitoral cavernosal tissue. 17 NO donors such as sodium nitroprusside has been shown to cause relaxation of pre-contracted clitoral cavernosal tissue while the NOS inhibitor L-NAME abolishes acetylcholine and electrical ®eld stimulation-induced relaxation of clitoral cavernosal tissue. 18 Embryological, anatomical and physiological similarities between penis and clitoris may suggest the involvement of similar mechanisms in the pathophysiology of penile erectile dysfunction and clitoral engorgement insuf®ciency. Our study has revealed that atherosclerosis-induced arterial insuf®ciency causes ®brosis of the clitoral cavernosal tissue in the rabbit, which is similar to those reported in penile studies. 19, 20 Studies with animal models have shown that atherosclerosis-induced arterial insuf®ciency causes chronic cavernosal ischemia leading to decreased smooth muscleaconnective tissue ratio. 19, 20 Decreased smooth muscle content of penile corpus cavemosum has been shown to impair cavernosal expandability and produce venoocelusive dysfunction. 21 In a previous study utilizing the male atherosclerotic rabbit model, percentage of smooth muscle in the ischemic cavernosal tissue was 33.9% compared with 45.4% in the age matched control animals. 20 The loss of cavernosal smooth muscle due to arterial insuf®ciency (approximately 9%) in male rabbits is comparable to the decreased clitoral cavernosal smooth muscle found in the 
Ischemia-induced clitoral ®brosis
K Park et al current study (53% in the CCI group versus 62% in the control group). As in the penis, loss of smooth muscle ®bers may impair the expandability of clitoral corpora and may lead to clitoral engorgement insuf®ciency.
The mechanism of atherosclerosis-induced clitoral cavernosal ®brosis may involve decreased cavernosal arterial in¯ow and chronic exposure of cavernosal tissue to ischemia. Chronic ischemia in known to produce diffuse ®brosis and smooth muscle atrophy in penile erectile tissue. 19 ± 21 Indeed, among multifactorial etiologies involved in penile erectile dysfunction, arterial insuf®ciency and concomitant ischemia-induced penile cavernosal ®brosis is considered to be an important causative factor in male erectile dysfunction. 22 Sattar et al have reported that after intracavernosal injection of prostaglandin E1 (PGE1), the increase in cavernosal oxygen tension is signi®cantly less in patients with arteriogenic and venogenic erectile dysfunction compared to patients with non-organic erectile dysfunction. 22 In that study, the mean percentages of cavernosal smooth muscle in patients with arteriogenic and venogenic erectile dysfunction has been found to be 29.3% and 34.1%, respectively, compared with 43.3% in patients with non-organic erectile dysfunction. 22 In cell culture studies, hypoxia was shown to increase collagen synthesis by inducing transforming growth factor-b1 (TGF-b1) mRNA expression in cavernosal smooth muscle cells. 23 Furthermore, in a continuous hypoxic condition, TGF-b1 has been shown to autoinduce its own mRNA in a vicious cycle leading to further increase in TGF-b1 synthesis and to the development of severe ®brosis. 24 Although, tissue hypoxia appears to be responsible for penile cavernosal ®brosis, its role in clitoral cavernosal ®brosis remains to be investigated.
Overall, the role of arterial insuf®ciency in the pathophysiology of female sexual arousal disorders is not known. It has been shown that the prevalence of female sexual arousal disorders increase with age. 12 Furthermore, the prevalence of atherosclerotic arterial disease also correlates signi®cantly with increasing age, suggesting a relationship between aging, arterial disease and female sexual arousal disorders. 25 Our histomorphometric studies of clitoral cavernosal tissue in the atherosclerotic rabbit model show that arterial insuf®ciency-related structural changes of clitoral cavernosal tissue are similar to age-associated structural changes of human clitoral cavernosal tissue, suggesting a possible role of arterial occlusive disease in age-associated female sexual arousal disorders. In a recent study with human clitoral tissue, a close relationship was found between aging and the development of clitoral cavernosal ®brosis. 12 In this study, histomorphometric image analysis of clitoral cavernosal tissue obtained from 18 subjects in an age range of 6 months to 90 y revealed progressive loss of cavernosal smooth muscle, replacement by ®brous connective tissue and atherosclerotic occlusion of the clitoral cavernosal artery. 12 Clitoral cavernosal smooth muscle percentage in 6 months to 15-y old women was 65% compared with 50% and 37%, in women between the ages of 44 ± 54 y and older than 54 y, respectively. 12 Furthermore, cardiovascular disease-related mortality was found to be associated with more clitoral ®brosis. For example, in the age group of 44 ± 90 y, clitoral cavernosal smooth muscle content was 37.8 % and 49.7 % in those with and without a cardiovascular disease-related mortality, respectively. 12 Histopathological changes in clitoral cavernosal tissue from our animal model are similar to age-associated changes of human clitoral cavernosal tissue, suggesting that atherosclerotic vascular disease may play a partial role in the development of clitoral cavernosal ®brosis in aging women. 12 
Conclusion
Our studies show that chronic clitoral cavernosal arterial insuf®ciency produces signi®cant structural changes in the clitoral cavernosal tissue and clitoral tunica alubingea. Ischemia-related structural changes of clitoral cavernosal tissue in our animal model are similar to age-associated structural changes of human clitoral erectile tissue, Atherosclerosis-induced clitoral cavernosal ischemia and concomitant cavernosal ®brosis and loss of smooth muscle may play an important role in the pathophysiology of female sexual arousal disorders.
